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Abstract 
Due to boron being present in compensated n-type silicon, minority carrier lifetime degrades under illumination. Lifetime 
reduction by light-induced degradation up to a factor of 16 was observed for illumination with 100 mW/cm². In contrast to p-
type, the degradation process in n-type does not follow a simple exponential trend. So this degradation process is time 
dependently investigated in this contribution. It is known that this process depends on a combination of light intensity and sample 
temperature, hence degradation is investigated independently and a separation of the influences was possible: a relation between 
light intensity and saturation value of normalized Cz defect concentration Nt*, and between sample temperature during 
illumination and defect generation rate will be presented. Furthermore it is shown that due to degradation the diffusion length of 
compensated n-type silicon in the degraded state is as low as in degraded p-type silicon. Finally it is shown that solar cells made 
from a compensated n-type crystal suffer from efficiency degradation. 
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1. Introduction 
In the last years it could be shown that upgraded metallurgical grade (UMG) silicon is a suitable alternative to 
electronic grade (EG) silicon for p-type silicon [1, 2]. Recently the share of n-type Czochralski (Cz) silicon is 
increasing in PV production as some disadvantages of p-type Cz silicon e.g. the boron-oxygen complex do not exist. 
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But n-type silicon made from UMG-silicon contains boron atoms as well and therefore also the boron-oxygen 
complex [3-6] will be formed. While light-induced degradation (LID) is well investigated in uncompensated [7-12] 
and compensated p-type silicon [13, 14], for compensated n-type it is only shown in literature [6] that by 
simultaneous increase of light intensity and sample temperature, the degradation is accelerated. In order to separate 
these influences on the degradation of compensated n-type silicon both parameters are investigated independently 
within this paper. In addition on the basis of the resulting lifetime values, the corresponding diffusion length and the 
degradation behaviour of a solar cell made from UMG n-type silicon, the suitability of UMG n-type material for PV 
production is shown. For the investigations, wafers from n-type UMG silicon were compared with uncompensated 
n-type silicon and p-type silicon, respectively. 
2. Material, sample preparation and degradation parameters 
2.1. Material and sample preparation 
For the investigation, samples from different crystal positions of a compensated UMG n-type Cz crystal were 
taken. The base resistivity values of these wafers are between 14 Ωcm and 0.5 Ωcm. The boron and phosphorus 
concentration of each sample was determined by Scheil simulations based upon ICP-MS measurements on several 
wafers per crystal. The respective oxygen concentrations were determined by FTIR measurements on approximately 
2 mm thick samples from the sideboards of the crystal. The oxygen concentration of each investigated sample was 
determined by interpolation of the results of the FTIR measurement. 
The investigated lifetime samples were processed as follows: saw damage etch, POCl3 diffusion for gettering and 
thermal donor drive out, chemical etch back for removing the high doping layer, surface passivation with SiriON-
Stack [15] and firing.  
For the solar cell investigation, n-type PERT solar cells were built from UMG and uncompensated n-type silicon 
as described in Ref. [16]. 
2.2. Degradation parameters of the lifetime investigation 
For the degradation investigation of the lifetime samples, all samples were annealed on a hotplate in darkness at 
250°C for 30 minutes, followed by minority carrier lifetime measurement of the annealed lifetime τ0 with QSSPC at 
an injection density of Δn= 0.1x n0. In Table 1 the different degradation condition used within this paper are listed. 
Table 1. Different combinations of light intensity and sample temperature for degradation 
Light intensity (mW/cm2) Sample temperature (°C) Used additional set-up 
20 25 -- 
50 50 -- 
100 80 -- 
50 25 water-cooled chuck 
50 80 hotplate 
During degradation lifetime τdeg(t) measurements were done in definite time periods to investigate the time-
dependent behaviour of the light-induced degradation in n-type silicon. From these data, normalized time-dependent 
Cz defect concentrations ௧ܰכሺݐሻ were calculated with equation (1): 
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3. Results 
3.1. Boron-oxygen complex as reason for LID in compensated n-type silicon 
In literature [17] it was shown that the negative impact of the boron-oxygen complex can be temporarily 
528   Juliane Broisch et al. /  Energy Procedia  55 ( 2014 )  526 – 532 
eliminated by annealing in the dark. This could be done several times without any change in the defect concentration 
and therefore the lifetimes of the degraded and annealed defect state. To prove, if the observed defect in UMG n-
type silicon is comparable with the defect in p-type silicon, one UMG sample was annealed and degraded a few 
times with different degradation parameters. Fig. 1 shows the reversibility of the lifetime of one UMG n-type 
sample and the behaviour of an uncompensated n-type Cz sample and an p-type FZ sample. For each sample the 
lifetimes in the annealed state (open symbols) are similar within measurement uncertainty, independently from the 
date of measurement. While the p-type FZ sample does not change significantly during illumination, both Cz 
samples show a degradation, whereas the degradation of the uncompensated Cz samples is small compared to the 
UMG Cz sample. The slight degradation of the uncompensated n-type Cz sample indicates that the passivation is 
negatively affected from degradation and annealing conditions. This passivation-induced degradation is less 
pronounced than the one depending on the boron-oxygen complex, since the UMG n-type sample degraded strongly 
from 1800 μs down to 200 μs or less for the degradation with a light intensity of 100 mW/cm². The full reversibility 
of the lifetime of the UMG sample by an annealing step at 250°C for 30 minutes in the dark, indicates the boron-
oxygen complex to be the cause of the observed degradation under both degradation conditions. 
3.2. Dependency of the degradation from light intensity and sample temperature 
First the result from Ref. [6] was considered by illumination of three pieces of a lifetime sample with different 
intensity and sample temperatures. In Fig. 2 the time-dependent generation of the normalized Cz defect 
concentration ௧ܰכሺݐሻ in dependence of three different degradation conditions is shown. 
 
Fig. 1: Time dependent degradation of minority carrier lifetime and its reversibility of an UMG n-type Si sample compared with material 
without LID. Lifetime measurements were done with QSSPC at n = 0.1n0 respectively n = 0.1p0. 
 
Fig. 2: Time-dependent normalized Cz defect concentration of one compensated n-type lifetime sample for three different light intensities 
with corresponding different temperatures. 
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Comparison of these three curves shows that the degradation at the highest light intensity and highest temperature 
is finished after one day, but for the lowest light intensity and lowest temperature the degradation is not finished 
within five weeks. The saturation value of the defect concentration is, as expected, highest for the degradation with 
highest light intensity and highest temperature and is reduced with diminishing light intensity and diminishing 
temperature. 
To separate the influences of light intensity and sample temperature, in the following both influences were 
investigated separately. Due to the used set-up, light intensity and temperature change simultaneously. Therefore, to 
use different temperatures for fixed illumination intensity, a hotplate or a water-cooled chuck was used as indicated 
in Table 1. For this investigation UMG n-type samples from different crystal positions were cut in four comparable 
samples. The small samples were degraded under different conditions, whereby in a first part of the investigation 
fixed illumination intensity was used and in the second part a fixed sample temperature. Exemplarily the time-
dependent generation of the normalized Cz defect concentration ௧ܰכሺݐሻ of two wafers with different distance from 
seed (DFS) is displayed for fixed illumination intensity of 50 mW/cm² and three different sample temperatures in 
Fig. 3. 
For the degradation at 80 °C sample temperature, a maximum of the defect concentration is reached, before the 
defect concentration decreases again and thus the lifetime increases. This behavior is reminiscent of the regeneration 
of p-type silicon, but it is not further investigated within this paper. The maximum value of the defect concentration 
at 80 °C sample temperature is taken as saturated value. Such a behavior is also observed for the degradation at 
50 °C, but it occurs much slower and after longer illumination time. For the sample B, the saturated values of all 
three curves of the defect concentration are similar, however, for sample A the degradation at 25 °C has the highest 
saturated value. Possibly for the other two temperatures the regeneration-like behavior occurs before the saturation 
value was reached.  
The comparison of the degradation velocity of both samples shows that the degradation runs faster with 
increasing sample temperature. This result is in accordance with the theory from Ref. [18], which states that for the 
transformation of the inactive boron-oxygen complex in the active boron-oxygen complex, energy barriers have to 
be overcome. Altogether, the results of Fig. 3 show that a change of the temperate by fixed illumination intensity 
induces a change of the degradation velocity but not of the saturation value of the defect concentration. For higher 
temperatures a regeneration-like behavior occurs. 
For the investigation of the influence of the light intensity on the degradation behavior, the samples were 
degraded at a fixed sample temperature of 80 °C and two different light intensities. The time-dependent normalized 
defect concentration of one UMG n-type sample under these conditions is exemplarily shown in Fig. 4. The 
comparison of the two curves shows that the Cz defect concentration of both samples were nearly saturated after the 
same time of two hours, but the saturation values differ and reach a higher value with higher illumination intensity. 
The difference of the saturation values can be explained by the need of two holes for the transformation of the 
  
Fig. 3: Time-dependent normalized Cz defect concentration of two compensated n-type lifetime sample at three different sample 
temperatures by a fixed illumination of 50 mW/cm². 
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inactive to the active boron-oxygen complex. As holes are minority charge carriers in n-type silicon, their 
concentration is directly correlated with their lifetime. Higher illumination intensity increases the hole concentration 
for similar values of the defect concentration, so that for a longer time enough holes for the transformation of the 
boron-oxygen complex are available.  
In summary for the influence of the light intensity and the sample temperature on the degradation behavior of 
UMG n-type silicon it was found that with increasing light intensity the saturation value of the normalized defect 
concentration ௧ܰכ increases and that with increasing sample temperature the degradation runs faster. 
3.3. Impact of the degradation on the diffusion length in UMG n-type silicon 
In parallel to p-type silicon the lifetime of the minority carriers strongly degrades due to the boron-oxygen 
complex in compensated UMG n-type silicon. In Fig. 5 lifetimes measured in the annealed and the degraded state 
for three samples with different net doping concentrations n0 are displayed. All lifetime measurements were done at 
n=0.1 x n0. Due to the increase of the net doping, the lifetime in both states decrease. Lifetimes in annealed state, 
(without lifetime limiting recombination active boron-oxygen complex) are comparable to uncompensated n-type 
silicon with similar net doping. In the following the UMG n-type silicon is compared with uncompensated p- and n-
type silicon. Since the minority charge carriers are different in p- and n-type silicon, the mobility of the minority 
carriers is different, too. Therefore, instead of a comparison of the lifetime, the diffusion length of the different 
material types is considered. In the annealed state the diffusion length of the three UMG samples are 0.12 cm 
(n0 = 9.4x1015 cm-3), 0.16 cm (n0 = 3.8x1015 cm-3) and 0.17 cm (n0 = 1.9x1015 cm-3). These values are comparable to 
the values of uncompensated n-type silicon and uncompensated p-type silicon with similar net doping in the 
 
Fig. 4: Time-dependent normalized Cz defect concentration of one compensated n-type lifetime sample at two different light intensities by a 
fixed sample temperature of 80 °C. 
 
Fig. 5: Annealed and degraded lifetime of three samples with different net doping concentrations n0 from UMG n-type Si. 
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annealed state. On contrary in the degraded state the diffusion length of the three UMG samples are 0.04 cm 
(n0 = 9.4x1015 cm-3), 0.05 cm (n0 = 3.8x1015 cm-3) and 0.05 cm (n0 = 1.9x1015 cm-3). These values are also 
comparable to the values of corresponding uncompensated p-type silicon in the degraded state, but since 
uncompensated n-type silicon does not degrade under illumination, it has an essential advantage over UMG n-type 
silicon and p-type silicon. Furthermore UMG n-type silicon in the degraded state has similar low diffusion length as 
degraded p-type silicon. Therefore UMG n-type silicon is no alternative for uncompensated silicon as long as the 
degradation problem is not solved. 
3.4. Degradation of a compensated n-type Si solar cell 
To demonstrate the impact of the boron-oxygen complex on UMG n-type silicon, the degradation behavior of 
PERT solar cells [16] made from UMG n-type silicon and uncompensated n-type silicon is investigated. Two PERT 
solar cells, one from UMG and one from uncompensated n-type silicon, were annealed at 250°C for 30 minutes to 
deactivate the boron-oxygen complex and then the IV-parameters were measured. For degradation, the solar cells 
were illuminated with an illumination intensity of 50 mW/cm2 at a sample temperature of 50°C. During degradation 
the IV-data were taken in definite time periods. The resulting time-dependent efficiency loss of the solar cells during 
degradation is displayed in Fig. 6. 
As expected from the lifetime samples, the solar cell made of compensated n-type silicon degrades strongly while 
the one made from uncompensated n-type silicon is not affected by illumination. After more than 400 hours of 
degradation, the solar cell from UMG n-type silicon was annealed again to show the reversibility of the degradation 
process. The annealed value is displayed with an open square in Fig. 6. The resulting efficiency is about 0.1 % 
absolute smaller than the first value before degradation. This difference can be explained by degradation of the 
metallic contacts due to repeated measurements and temperature changes. 
Nevertheless solar cell efficiency is reduced about 0.5 %absolute after more than 400 hours of illumination. This is 
comparable to a reduction of efficiency due to the boron-oxygen complex in p-type solar cells. Due to this strong 
degradation we conclude that compensated n-type silicon cannot be advised as an alternative new material for solar 
cell production by using actual solar cell concepts for n-type silicon. 
4. Conclusion 
In compensated n-type Cz-silicon, minority carrier lifetime degrades due to existing boron and so due to boron-
oxygen complex. The degradation behavior of compensated n-type silicon differs from the degradation in p-type 
silicon since holes act as minority charge carriers. Two different influences on the degradation process could be 
separated: The degradation rate increases with increasing sample temperature and the saturation value of the 
normalized Cz-defect concentration ௧ܰכ  increases with increasing illumination intensity. It was found that the 
 
Fig. 6: Time-dependent efficiency loss of a compensated (black squares) and an uncompensated (green triangles) n-type solar cell during 
light induced degradation with a light intensity of 50mW/cm2 at 50 °C (closed symbols) and after annealing again (open symbol). 
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resulting diffusion length in the degraded state of compensated n-type Cz silicon is similar to the corresponding 
value in p-type silicon, therefore the benefit of n-type silicon in contrast to p-type silicon does not exist for UMG n-
type silicon. The degradation investigation of a PERT solar cell from compensated n-type silicon shows a 
degradation of about 0.5%absolute in cell efficiency. This value is comparable to observed degradation in p-type 
silicon due to light-induced degradation (LID). In summary the benefits of n-type silicon, which compensate the 
more expensive cell structure, does not exist for cost effective UMG n-type silicon because of the present boron-
oxygen complex in this kind of material. 
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